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Allosteric effects are often underlying the activity of proteins and elucidating generic design as-
pects and functional principles which are unique to allosteric phenomena represents a major chal-
lenge. Here an approach which consists in the in silico design of synthetic structures which, as the
principal element of allostery, encode dynamical long-range coupling among two sites is presented.
The structures are represented by elastic networks, similar to coarse-grained models of real proteins.
A strategy of evolutionary optimization was implemented to iteratively improve allosteric coupling.
In the designed structures allosteric interactions were analyzed in terms of strain propagation and
simple pathways which emerged during evolution were identified as signatures through which long-
range communication was established. Moreover, robustness of allosteric performance with respect
to mutations was demonstrated. As it turned out, the designed prototype structures reveal dy-
namical properties resembling those found in real allosteric proteins. Hence, they may serve as toy
models of complex allosteric systems, such as proteins.
Keywords: evolution, conformational motions, nonlinear dynamics, communication pathways, strain propa-
gation, robustness
INTRODUCTION
The functional activity of proteins and its precise regu-
lation often relies on allosteric coupling between different
functional regions within the macromolecular structure.
According to the mechanical perspective allosteric com-
munication originates from structural changes mediated
by a network of physically interacting residues [1]. Much
resembling the occurrence of a proteinquake, local con-
formational motions initiated, e.g., upon ligand binding
to one specific site propagate across the protein struc-
ture to spatially remote regions eventually generating a
functional change in the conformation of another site.
Experiments have indeed evidenced the existence of
communication networks in proteins, which are formed
by only a set of amino acids and constitute allosteric
pathways, physically linking remote binding sites [2, 3].
Various computational strategies aimed at predicting
such pathways have been developed, including structure-
based network analysis [4–6], stochastic Markov mod-
elling [7, 8], and sequence-based statistical methods [9–
12]. Understanding of allosteric communication at the
molecular level has also been widely addressed at atom-
istic resolution in molecular dynamics (MD) simulations
[13–19].
To circumvent the heavy computational burden
present in MD simulations, collective conformational mo-
tions and allosteric transitions in proteins have been, to
a vast extend, investigated at the coarse-grained level
using elastic-network models and the analysis of normal
modes [20–26]. Despite their approximate nature such
simplified descriptions have significantly contributed in
understanding the mechanistic underpinnings of allostery
in proteins [27, 28].
While in the majority of cases the important question
is considered to be how allostery works for a particular
protein given its specific structure, there may also be
more fundamental and general questions to be addressed
such as what are generic design and functional principles,
requisite to make allostery work, and, which dynamical
properties are unique to allostery. One possibility to ap-
proach such aspects would consist in a systematic screen-
ing of the biophysical properties among allosteric proteins
with available structural data, which has already been
sporadically attempted earlier [6, 29].
Here, in an attempt to address this subject, we present
an alternative approach which is motivated by the idea
to engineer, in silico, artificial spatial structures with dy-
namical properties resembling those found in real pro-
teins. In previous works such an approach was employed
to design structures of elastic networks which can oper-
ate as a model molecular machine [30–32] or swimmer
[33]. Moreover, we recently used this machine to con-
struct a model motor which in its function mimics the
myosin protein motor [34].
In this paper we aim to establish a generalised struc-
tural model of an allosteric system. To this end we design
through evolutionary optimisation elastic-network struc-
tures which, as the principal element of allostery, encode
long-range coupling among two spatially remote local re-
gions. We first explain how the strategy of iterative evo-
lution was developed and applied to stepwise improve,
starting from a random elastic network, the allosteric
response in the emerging structures. In the designed
structures allosteric communication was then analysed in
terms of the propagation of strain and its spatial distri-
bution was used to identify pathways through which re-
mote interactions are established. Moreover, the effect of
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2mutations was demonstrated and robustness of allosteric
performance in the designed structures examined. Fi-
nally we discuss the relevance of our model system in the
light of actual allosteric proteins.
RESULTS
Random elastic network and Evolutionary
optimisation
Our structural model of an allosteric system was based
on evolutionary optimisation starting from a random
elastic network. The initial random network was con-
structed as a two-domain structure. It was obtained
by randomly folding two polymer chains independently,
each consisting of 100 elastically linked identical beads
and representing one domain, and then merging them
such that they form a common domain interface. In
the model physical interactions between all beads, be-
yond those acting between neighbouring beads in each
chain, were introduced by connecting those two beads by
an elastic link which have a separation smaller than a
prescribed interaction radius. Thus the complete elastic
network was obtained. Details of the construction are
described in the Methods section.
When elastic networks are constructed based on the
structures of real proteins, the beads would corresponds
to atoms or typically represent entire amino acid residues,
and elastic links between them empirically mimic effec-
tive interactions between them [35, 36].
Here, we proceed with the constructed random network
of two compactly folded coupled domains shown in Fig.
1. In each network domain a pocket site, for simplicity
formed by two beads only, was chosen such that a suffi-
cient separation of the two sites was ensured (see Meth-
ods). One site represented the allosteric pocket whereas
the other mimicked the regulated pocket, respectively.
As shown in Fig. 1, the pockets were located opposite to
each other near the surface of the respective domain.
With this setup, the ability of the elastic network
to conduct allosteric communication between the pock-
ets was examined using a simple force-probe scheme, in
which conformational dynamics in the allosteric site was
initiated through local binding of an additional ligand
bead, and the subsequent response generated in the regu-
lated site has been detected. In particular, attractive pair
forces which were acting on the pocket beads of the al-
losteric site have been applied to mimic binding of the fic-
titious substrate bead to its centre. The dynamics of pro-
tein elastic-networks consists in processes of over-damped
relaxation motions (see Methods). Hence, as a result of
such forces, all beads underwent coupled relaxation mo-
tions bringing the elastic network from its original con-
formation (without the forces) to a deformed steady state
of the network, having the ligand bead tightly bound to
FIG. 1. Random elastic-network structure. The ini-
tial two-domain network consisting of 200 beads connected
by elastic springs. The randomly folded chains, each form-
ing one domain, are shown as blue, respectively red, traces
of thick bonds. Other springs are displayed as thin bonds in
grey. In each domain the two beads representing the remotely
placed pockets are highlighted as coloured beads.
the allosteric site (i.e, with the forces applied for a long
time). During this process the additional forces tend to
close this site, i.e. its two beads move towards each other,
and first the elastic links localised in their vicinity became
deformed. Eventually deformations propagated through
the entire network structure until a final steady network
conformation was reached. In the simulations the con-
formational motions inside the network were followed by
numerically integrating the equations of motion for all
network beads (see Methods). The response generated
inside the regulated pocket in the second domain was
quantified in terms of distance changes between its two
corresponding beads.
As we found, the random network structure did not re-
veal any allosteric coupling between the two sites. While
the allosteric site closed upon substrate binding, with
the distance between pocket beads changing by approx.
−4A˚, no response was detected at the regulated site with
a change of < 10−4A˚ (for the choice of lengths units,
see Methods). Proceeding with this observation, an al-
gorithm of evolutionary optimisation aimed to design
networks with pronounced allosteric communication was
established. The optimisation process consisted in se-
quences of mutations followed by selection, which were
applied iteratively starting from the initial random net-
work. In each evolution step the following sequence was
carried out: i) mutation; a single structural mutation
was performed by randomly selecting one network bead
(excluding one of the four pocket beads) and changing
its equilibrium position, which corresponded to an alter-
ation of elastic connections in the vicinity of the mutation
spot. ii) probing of allostery; the force-probe scheme was
applied in a simulation of the new mutant network struc-
ture and its conformation with the ligand bead bound
to the allosteric site was obtained. iii) selection; the
3FIG. 2. Evolutionary optimisation. Snapshots of network conformations taken at different steps of accepted mutations along
the processes of evolutionary optimisation towards designing the two prototype allosteric networks. The initial random network
structure is shown in the top row. Each depicted network conformation corresponds to the steady state with the allosteric
pocket being closed after ligand binding and the allosteric response in the regulated pocket becoming progressively improved. In
the design process of the network with symmetric cooperativity the regulated pocket increasingly closed as evolution proceeds,
whereas during the design of the network with asymmetric cooperativity its ability to open emerged (indicated by black arrows).
Pocket beads are highlighted in blue colour and the size of the regulated pocket in A˚ is given for all snapshots. Mutation-induced
structural changes and concomitant remodelling of elastic interactions can be seen by comparing snapshots. Final structures
of designed networks are shown in the bottom row.
allosteric response in the regulated pocket of the net-
work before and after the mutation was compared and
the mutation was scored favourable and was accepted if
the mutant network showed improved allosteric coupling
between the two sites; otherwise it was rejected. The
optimisation procedure was iteratively applied and ter-
minated, once a network structure with a prescribed level
of sufficient allosteric coupling was obtained. Details of
the implementation are described in the Methods section.
In this work two prototype examples of elastic network
structures with allosteric coupling were designed and
analysed. In two independent simulations of evolutionary
optimisation, starting both times with the same initial
random network, two different network structures with
optimised allostery have been designed. The first one
was designed under the side condition that allosteric cou-
pling between the remote sites had the type of symmetric
cooperativity, i.e., binding of the substrate bead to the al-
losteric site and the concomitant closing of that pocket
resulted in consequent closing of the regulated site. In the
second case, the requirement was vice versa; allosteric
communication was optimised under the premise that
4FIG. 3. Allosteric coupling in designed network structures. (A,a) For both designed networks the initial structure and
the final structure with the substrate ligand bound to the allosteric pocket are shown. Elastic connections between network
beads are shown as thin transparent lines and pocket beads are coloured blue (allosteric pocket) and red (regulated pocket),
respectively. In both designed networks the initial and respective final structure is very similar (see text), but the large-
amplitude motions of pocket beads evidencing intra-structure allosteric communication are apparent. In the network with
symmetric cooperativity substrate-induced closing of the allosteric pocket triggers allosteric closing of the regulated pocket,
whereas in the network with asymmetric cooperativity the allosteric response consisted in opening of the regulated site. (B,b)
Traces showing changes in the size of both pockets upon binding of the substrate bead to the allosteric pockets are also provided
(blue colour for allosteric the pocket, red for the regulated pocket).
substrate induced closing of the allosteric pocket triggers
opening in the regulated site, i.e. asymmetric coopera-
tive coupling was realised. In both cases, as a result of
several hundreds of mutations which were needed during
evolution to improve allosteric coupling, the networks un-
derwent significant structural remodelling and concomi-
tant rewiring of elastic interactions between their beads.
In Fig. 2 snapshots of network architectures along the
processes of evolution are displayed. For both designed
networks it could be observed that besides mutation-
induced changes taking place inside the individual do-
mains, in particular their common interface became sig-
nificantly remodelled. As evolution progressed the al-
losteric response generated inside the regulated pocket
upon ligand-binding to the allosteric pocket was gradu-
ally enhanced during both design processes, as can be
seen by comparing corresponding snapshots of network
conformations in Fig. 2. In the next paragraphs the two
prototype designed network structures are presented and
their dynamical properties analysed.
Designed prototype networks
The designed networks are shown in Fig. 2 (bottom
panel). Both networks retained the initial two-domain
architecture after the evolution, their structures, how-
ever, were clearly different from the initial random net-
work. In both designed networks a pronounced domain
interface with many inter-domain links had emerged;
such interface was rather sparse in the initial random
network (see Fig. 2). Remodelling of that region un-
der the process of evolution apparently points towards
the importance of the pattern of elastic connections in
the domain contact region for allosteric communication
in our model systems. Those aspects will be further dis-
cussed in the next section.
In Fig. 3 (A,a) the two designed networks are shown
each in their equilibrium conformation and in the respec-
tive steady conformations with the ligand bound to the
allosteric pocket and the allosteric response having been
triggered in the remote regulated sites. Traces showing
changes in the size of both pockets upon binding of the
ligand bead to the allosteric pockets are also provided
(see Fig. 3B,b). In both designed networks the allosteric
pocket closed rapidly when the substrate bead bound
there, with the size changing by −3.8A˚ in both cases.
In striking contrast, motions inside the regulated pocket
were much slower, when changes in its size only gradually
set in and the pocket smoothly approached its closed con-
formation in the network with symmetric cooperativity
(change by −2.3A˚), or open conformation in the network
with asymmetric cooperativity, respectively (change by
+2.0A˚). Movies visualising conformational motions dur-
ing the allosteric transition in the designed networks are
provided as Supplementary Videos V2 and V3.
5FIG. 4. Strain propagation. Propagation of strain subsequent to ligand-binding to the allosteric pocket is visualised in the
random network and in the two designed structures. Snapshot taken at different time moments during each simulation are
shown in similar perspectives. Network bonds are displayed bicolored, blue indicating stretching of the bond and red denoting
compression as compared to the corresponding natural bond length. The bond thickness encodes the absolute value of strain
the bond was subject to.
Comparing the ligand-bound network conformation
with the initial structure reveals that in both de-
signed networks the conformational changes underlying
allosteric dynamics did not involve any large-scale struc-
tural rearrangements but was rather governed by small-
amplitude subtle motions. In fact, initial and substrate-
bound structures compared by RMSD’s of only 0.6A˚ in
the symmetric case and 0.46A˚ in the asymmetric case, re-
spectively. While local motions in the two pockets were
indeed pronounced, the communication between them
must therefore have been resulted from cascades of small-
amplitude displacements of network beads located in the
region connecting both pockets.
By the application of evolutionary optimisation to
the random network we could successfully design spe-
cial networks whose two-domain structure encodes en-
hanced allosteric interactions between two remote pock-
ets. All three network structures are provided as Sup-
porting Data. Next, to unravel signatures which may
underly allosteric communication in the two prototype
networks we have analysed the conformational dynamics
in terms of mechanical strain propagating through the
network structures.
6Propagation of strain and communication pathways
Apparently, allosteric interactions in our model sys-
tems result from conformational changes propagating
from the allosteric site across the domain interface to
the regulated site. Therefore, in both designed struc-
tures the elastic strain inside the networks was computed
during the entire simulation following ligand binding to
the allosteric site until the steady state of the respec-
tive network was reached. The strain of a network was
determined in terms of the deformation of elastic links
connecting the beads, i.e. deviations from their natu-
ral lengths in the initial ligand-free network. Details of
the computation are found in the Methods section and
SI text. To conveniently visualise strain propagation,
the network links are displayed bicoloured, to distinguish
stretching or compression, and their width is propor-
tional to the magnitude of the respective deformation.
In order to compare to the designed networks the strain
propagation was also followed in the initial random net-
work which was allosterically inactive. Snapshots of the
strain distribution in all three networks taken at different
time moments during the simulation are shown in Fig. 4.
Movies visualising conformational motions and the prop-
agation of strain are provided as Supplementary Movies
V1-V3.
In all three networks the strain was first localised in
the vicinity of the allosteric pocket where the ligand was
bound. After that, rapidly interactions between other
beads also set in and the majority of links in domain
1 became deformed. In the random network the distri-
bution of strain in domain 1 was rather homogeneous;
most links were stretched or compressed at similar lev-
els and there was no distinctive feature present. In this
network any significant deformations of links located in
the central domain interface region could be detected and
therefore spreading of strain into the second domain dur-
ing the simulation was practically absent. The structure
of this domain is apparently very stiff preventing any
internal conformational motions to occur. Hence, the
random elastic network cannot conduct allosteric com-
munication. The situation in both designed networks
was completely different. There, first, after ligand bind-
ing to the allosteric site conformational motions spread
across the domain interface and generated deformations
in the second domain and in the vicinity of the regu-
lated site. Second, not all elastic pair interactions in
the designed structures were equally involved in the pro-
cess of allosteric coupling. Rather, the temporal distri-
bution of strain shows that communication between the
remote pockets proceeded through specific sub-networks
which were apparently critical for allostery in the de-
signed structures. Those networks are formed by a sub-
set of beads connected by springs which undergo major
deformations and, hence, contribute essential pathways
FIG. 5. Communication chains in designed structures.
Elastic bonds which are significantly involved in the transport
of strain are found to form simple connected chains which me-
ander through the structure and connect the allosteric pocket
in domain 1 (green beads, left side) with the regulated pocket
in the remote second domain (green beads, right side).
for the spreading of conformational motions from the al-
losteric site across the structure to the regulated site.
In both designed network structures such remarkably
strained springs were found in domain 1 and, in contrast
to the random network, in the central domain interface
region and the second domain, where they form sparse
clusters of important pair interactions between beads.
Regions in which the elastic springs remained only
marginally populated by strain were rather stiff as com-
pared to the rest of the network. In that regard we ob-
served that the structure of domain 2 in the designed net-
works is special. In the network with symmetric allosteric
cooperativity the two lobes in the tweezer-like domain
structure, each harbouring one of the pocket beads of the
regulated site, were found to be quite flexible whereas the
other parts in domain 2 were stiff (see Fig. 4). In the
network with asymmetric allosteric coupling the hinge
region connecting both lobes appears to be very flexible
instead (see Fig. 4). The specific pattern of flexibility
7FIG. 6. Communication pathways in mutant structures. Communication chains in the designed wildtype network struc-
tures (A,a) are compared with the communication pattern obtained from strain propagation in a corresponding selected mutant
structure (B,b). Communication chains in (A,a) are the same as shown in Fig. 5 but here another perspective is chosen for
better comparison with the mutant structures. B) Communication pathways in the 52−197−196 double mutant of the network
with symmetric allosteric coupling. Beads with index 52,197 and 196 are highlighted in yellow and the two bonds removed
between them are shown in transparent. Links which in this mutant became important to redirect strain over the mutation site
are indicated (by an ellipse). b) Communication pathways in the 52 − 185 mutant of the designed network with asymmetric
allosteric coupling. Beads 52 and 185 are displayed in yellow and the deleted link between them is transparent. Allosteric
communication in this mutant was maintained via a complex strain transportation network and a simple chain as found in the
wildtype was not available (compare a,b).
in the designed networks has apparently emerged dur-
ing the process of evolutionary optimisation in order to
make opening/closing motions of the regulated site possi-
ble and hence enable the designed network architectures
to conduct allosteric communication.
The analysis of strain propagation in the designed
networks clearly reveals functionally important signa-
tures underlying the investigated types of allosteric cou-
pling. Nonetheless the strain distribution was rather
complex and we therefore aimed to deduce simpler path-
ways which could characterise communication between
the pockets, by focusing only on those network springs
which carry major strain (see Methods). Results are
shown in Fig. 5. In both networks simple chains formed
by significantly deformed adjacent network springs were
found to meander from the allosteric pocket in domain 1
via the domain interface to the regulated pocket in do-
main 2. Such chains are composed of a series of stretched
springs in domain 1, potentially caused by the closing
motion of the allosteric site, connected to a linkage of
compressed springs located in domain 2 and triggering
the respective allosteric response there.
The identified communication chains are obviously
critical for the transmission of conformational changes
between the two domains and therefore may represent a
functional skeleton, critical for allosteric activity in the
designed network architectures. Immediately one may
pose the question whether, and to what extend, allosteric
coupling can be maintained if structural changes would
be applied to such motifs.
Robustness of allosteric communication
With regard to the robustness of allosteric communi-
cation in the two designed networks the intention was
not to perform a systematic screening of the effect of
structural perturbations. Instead, the aim was rather to
present a demonstration. Therefore the analysis of ro-
bustness was limited to a few exemplary structural mu-
8tations, those applied to beads belonging to the identified
communication pathways, and on examining their influ-
ence on allosteric interactions. In a first set of simula-
tions mutations which consisted in the deletion of only a
single elastic link between two network beads were con-
sidered. In the realm of proteins such kind of pertur-
bation would roughly correspond to the mutation of a
single amino acid residue, resulting in specific local inter-
actions to disappear. For each specific mutant network a
single simulation starting with ligand binding to the al-
losteric pocket was carried out and after completion the
response in the regulated pocket was quantified and the
level of allosteric communication determined. The results
are listed in Supplementary Table T1. It is found that
allostery in both designed networks is generally robust
with respect to the removal of single interactions. To un-
derstand how long-range coupling between both pockets
is maintained in the mutant networks we have visualised
the propagation of strain and determined communication
pathways for some exemplary cases, similar to what has
been performed for the designed wildtype networks (see
previous section).
For the network with symmetric cooperativity three
cases were focused on in more detail, all of which main-
tained allosteric activity (see Supplementary Table T1).
They corresponded to a mutant with one major inter-
action at the central domain interface having been re-
moved and another mutant with a link deleted in do-
main 2, closer to the regulated pocket. The computed
communication chains in those two mutants are shown
in Supplementary Fig. S3. Movies of strain propagation
in those two mutant networks are provided as Supple-
mentary Movies V4 and V5. To highlight robustness in
the first designed network, a third example consisting in a
double mutant network in which both selected links were
deleted, was considered too (see Supplementary Movie
V6). For all three mutant networks we find that the
strain propagation networks as well as the extracted com-
munication chains are very similar to that of the wild-
type networks, except in the vicinity of the respective
mutation site (see Fig. 6A,B and Fig. S3). There it is
found that in the neighbourhood of the deleted link a few
bead interactions, which in the wildtype network have
not played a major role in the transmission of strain, be-
came important, forming a bridge through which strain
was able to side-track the mutation site (see Figs. 6B
and S3). This result demonstrates that in the mutant
structures similar communication pathways are available
which, together with the bridge motifs that compensate
the mutation defect, are employed for the propagation of
conformational changes and hence may provide the foun-
dation for the robustness of allosteric coupling in this
designed network.
For the designed network with asymmetric allosteric
coupling one mutant structure with a single deleted link
located at the domain interface has been selected for il-
lustration. Despite the mutation it revealed full allosteric
activity. Propagation of strain subsequent to ligand bind-
ing to the allosteric pocket is shown in Supplementary
Movie V7 and the extracted communication pathways
are depicted in Fig. 6b. It is found that the network
of bead interactions through which communication be-
tween both pockets was transmitted is rather complex,
with the strain being populated in large parts of the mu-
tant structure. Hence, in contrast to the wildtype net-
work, allosteric coupling in this mutant does not proceed
via simple communication chains.
While generally allosteric communication in both de-
signed networks was found to be robust with respect to
the deletion of a single bead interaction, there were still
few critical mutations which involved a drastic decrease
in the coupling between both pockets. They can corre-
spond to perturbations in the vicinity of either pocket
or located at the domain interface (see Supporting Figs.
S2A,B). In the final step of investigations the effect of
stronger mutations was considered, where an entire bead
was deleted in a simulation of each network. Those per-
turbations typically led to a remarkable drop or even
complete knockout of allosteric communication (see Sup-
porting Table T1).
Summary and Discussion
The phenomenon of allosteric coupling between differ-
ent functional regions within a macromolecular structure
is ubiquitously present in proteins and therefore raises
important questions of the fundamental nature of the un-
derlying mechanisms. In contrast to typically employed
structure-based modelling of protein dynamics, a dif-
ferent methodology towards approaching such essential
problems is presented in this paper. Instead of consid-
ering real protein structures, artificial analog structures
which encode pronounced long-range allosteric coupling
between two spatially remote pockets were designed. The
structures were represented by elastic networks, similar
to coarse-grained models widely used to describe confor-
mational dynamics of real proteins.
A force-probe scheme consisting in ligand-binding to
the allosteric pocket, following conformational motions
spreading over the structure, and detecting the response
generated in the regulated pocket was implemented to
evaluate the ability of the network to conduct allosteric
communication. Initially starting with a random elastic-
network, which did not reveal any allostery, a scheme of
evolutionary optimisation was iteratively applied to de-
sign two prototype elastic-network structures with per-
fected allosteric coupling, one with symmetric and the
second with asymmetric cooperativity.
In the designed networks well-defined pathways and
simple chains of important interactions, established by
only a few network beads, were identified to constitute
9the signatures which underly allosteric communication.
Remote interactions were robust even if minor structural
perturbations were applied. However, a single critical
mutation could knockout completely allosteric communi-
cation in the designed networks.
While the first descriptions of allosteric systems,
namely the MWC and the KNF models [37, 38], were
formulated more than 50 years ago in the absence of any
structural data and were thus of phenomenological na-
ture, the development of very sophisticated experimen-
tal techniques and the vast amount of protein structures
becoming available in the last decades have ever since
allowed to investigate allosteric communication in pro-
teins on the molecular level and led to a decent under-
standing of the mechanism underlying allostery in several
role model proteins. In the recent past structure-based
computational modelling, aiming to follow the conforma-
tional motions as the underpinning of allosteric effects
in proteins, has gained a lot of attention. In particu-
lar, due to the time-scale gap present in atomistic-level
molecular dynamics simulations, coarse-grained elastic
network models which are limited to the mechanical as-
pect of protein operation became very popular to inves-
tigate slow allosteric transitions with timescales beyond
the microsecond range. In those studies the analysis of
conformational changes is typically based on the com-
putation of normal modes and allosteric effects are dis-
cussed in terms of short- and long-ranged correlations of
amino-acid residue displacements.
The aim in the present study was to present a model
which emphasises the mechanical picture of allosteric sys-
tems. Therefore, also the elastic network model was
used. Here, however, the full elastic dynamics of the net-
work was considered by always numerically integrating
the non-linear equations of motion and monitoring pro-
cesses of conformational relaxation; no linearisation was
performed and the conformational dynamics beyond the
limiting normal mode approximation could be followed.
As a consequence, this model has the obvious advantage
that it can resolve the temporal order of events which
eventually establish allosteric communication in the net-
work structures, starting from forces and strains which
were first generated locally at the allosteric site as a con-
sequence of ligand binding, followed by the subsequent
propagation of conformational motions via the domain
interface, to finally induce structural changes in the re-
mote regulated pocket. The current model therefore nat-
urally includes causality as the guiding principle to mani-
fest allosteric communication and therefore is richer in its
explanatory power compared to correlation-based analy-
ses.
The presented model emphasises the structural view-
point of allostery (as described in [1]) in which allostery
is regarded as a consequence of optimised communi-
cation between the remote functional sites, established
through the propagation of strain along pathways which
are formed by a set of interacting residues. The em-
ployed elastic network description clearly implies limita-
tions. All network particles are of the same kind and
physical interactions between them are incorporated by
empirical effective potentials; thermal fluctuations were
also neglected for simplicity. Despite such gross simpli-
fications the dynamical properties of the designed pro-
totype allosteric structures reveal remarkable similarities
with those found in real allosteric proteins: i) specific
parts of the structure are flexible whereas other regions
form stiff clusters; ii) the propagation of conformational
changes which results in the long-range coupling of the
remote sites proceeds through communication pathways
involving only a few of the many intra-structural inter-
actions; iii) single critical mutations can knockout al-
losteric coupling. In summary, the designed elastic net-
work structures can provide a general physical model for
the mechanics of complex allosteric biomolecules, such as
proteins.
It should be remarked that the evolutionary pressure
imposed in the design process consisted only in magni-
fying changes in the regulatory pocket in response to
ligand-induced changes in the allosteric pocket; no other
requirements were imposed and the dynamical properties
which actually improved allosteric communication in the
evolving structures emerged autonomously. However, in
future studies design algorithms which involve coevolu-
tion can also be implemented and multiple optimisation
criteria can be imposed. Moreover, in future studies the
design and analysis of a larger number of allosteric elastic
networks can be undertaken. That would allow to com-
pare properties such as communication pathways among
them and possibly draw conclusions on the generality of
such dynamical motifs.
Previously the relaxational elastic-network approach
employed in this study was already applied to investigate
allosteric coupling in helicase motor proteins [39, 40] and
in the myosin-V molecular motor [41]. In those studies,
however, allosteric coupling was only qualitatively dis-
cussed. The analysis of strain propagation performed in
this paper for the designed artificial protein structures,
and the methods to quantify and visualise communica-
tion pathways, can easily be applied in the structure-
based modelling of real allosteric proteins and allow to
investigate intramolecular communication in dynamical
simulations.
Added note After finishing the manuscript I became
aware of two quite recently appeared works in which
also the design of mechanical networks with allosteric
coupling was undertaken (published in PNAS [42, 43]).
There, however, different computational algorithms were
used and optimisation of allosteric coupling was per-
formed within the linear response limitation; the un-
derlying network architectures were also very different
(e.g. 2D on-lattice models [42]). Both works principally
demonstrate the applicability of design processes to ob-
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tain desired responses.
The design process introduced in my manuscript was
developed completely independent. Besides other dif-
ferences, its principal distinction is that during the de-
sign process the allosteric response was optimised by al-
ways considering the full nonlinear elastic dynamics of
the networks. The importance of nonlinearities for pro-
tein function involving allostery has previously been evi-
denced (e.g. in [44, 45]). Secondly, the network architec-
tures used in the present study resemble more closely the
three-dimensional compact fold of real proteins; in fact
the designed networks can be regarded as coarse-grained
representations of fictitious protein structures. Most im-
portantly this work goes beyond developing the design
process. In fact, the main emphasis here was put on un-
derstanding the mechanistic principles underlying long-
range communication in the designed networks, which
was achieved by visualising and analysing propagation of
strain, extracting communication pathways and chains
which were critical for allosteric coupling, and, investi-
gating robustness of the designed functional properties.
METHODS
Construction of random elastic network
The initial two-domain elastic network was constructed by first
randomly folding two chains of linked beads, then bringing them
into contact and finally determine the network connectivity. One
chain consisted of 100 identical beads each and its folded form was
constructed as follows. After fixing the position of the first bead,
each next bead was placed at random around the position of the
previous bead, with the following restrictions: i) the distance to
the preceding bead had to lie within the interval between lmin and
lmax, ii) the new bead had to be separated from each previous
bead by at least the distance lmin, and, iii) the distance from the
new bead to the geometric centre of all previous beads should not
exceed the threshold rmax. In the simulations prescribed values
lmin = 4.0A˚, lmax = 5.0A˚, and rmax = 20.0A˚ were used in order
to generate a compactly folded backbone chain. After constructing
two such chains they were merged in such a way that they came into
tight contact but still did not overlap. Positions of the 200 beads
in the initial two-domain random structure are denoted by ~R
(0)
i
and their spatial coordinates are provided as Supporting Data. To
complete the network construction we have checked all distances
d
(0)
ij = |~R(0)i − ~R(0)j | between beads i and j and introduced an
elastic spring between those pairs of beads for which the distance
d
(0)
ij was below a prescribed interaction radius of rint = 9A˚. With
this choice the initial two-domain elastic network had 1467 links. It
should be noted that in this model all length units are in principle
arbitrary. When data from real protein structures are used, the
distances between amino acids have the scale of Angstroms. Hence,
throughout the paper this notion is adopted.
Elastic conformational dynamics
The total elastic energy of the network is the sum of contribu-
tions of all elastic links, i.e. U =
∑N
i<j κ
Aij
2
(dij − d(0)ij )2. Here,
N = 200 is the number of beads, κ is the spring stiffness constant
(equal for all springs), dij = |~Ri − ~Rj | is the actual length of a
spring connecting beads i and j in some deformed network con-
formation, with ~Ri being the actual position vector of bead i, and
d
(0)
ij is the corresponding natural spring length. Coefficients Aij
have value 1 if beads i and j are connected by a spring (i.e. when
d
(0)
ij < rint), and equal 0, otherwise.
The dynamics of the elastic network is governed by Newton’s
equation of motion in the over-damped limit, where the velocity of
each network bead is proportional to the forces applied to it. The
equation for bead i was
d
dt
~Ri = − ∂
∂ ~Ri
U + ~fi
= −
N∑
j
Aij
dij − d(0)ij
dij
(~Ri − ~Rj) + ~fi.
(1)
On the right side are the elastic forces exerted by network springs
which are connected to bead i, they only depend on the change in
the distance between two connected beads. Additionally, an exter-
nal force ~fi could be applied to bead i, which was used in probing
allostery (see next section). In the above equations a rescaled time
was used to remove dependencies of the beads’ friction coefficient
(equal for all beads) and κ. To obtain the positions of network
beads, and hence the conformation of the network at any time mo-
ment, the set of equations of motion was numerically integrated.
In the simulations a first order scheme with a time step of 0.1 was
employed.
Pocket sites and probing of allostery
In the network model the allosteric site and the regulates site
were, for simplicity, each represented by two beads. Those beads
have been selected in such a way that the two pockets were suffi-
ciently remote from each other. At the same time the two beads
forming one pocket should be adjacent, but not directly connected
by an elastic spring. In the constructed two-domain network the
allosteric pocket was defined by beads with indices 38 and 81, be-
longing to the first domain, and for the regulated pocket beads
from the second domain, with indices 149 and 189, were chosen.
To probe allosteric communication between the two pockets a
simple force-probe scheme in which conformational dynamics in the
allosteric site was initiated through the application of additional
forces and the subsequent response generated in the regulated site
was probed by evaluating structural changes there. In the simu-
lations pair forces have been applied to the beads of the allosteric
pocket. The forces were always acting along the direction given by
the actual positions of the two pocket beads. Specifically, the force
applied to pocket bead 38 was ~f38 = 0.5 · ~u, with the unit vector
~u = (~R81− ~R38)/|~R81− ~R38|. The same force, but with the different
sign, was acting on the second pocket bead, i.e. ~f81 = −0.5 · ~f38.
Such pair forces would induce only internal network deformations
and result in a decrease in the distance between the two pocket
beads, thus leading to closing of the allosteric pocket. Since this
situation is apparently equivalent to assuming that an additional
network bead becomes bound to the centre of the two pocket beads,
where it generates attractive forces between itself and each pocket
bead, we can also say that the chosen force scheme mimics binding
of a fictitious ligand bead to the allosteric pocket. The action of
the additional forces generated deformations of the network which
were first localised in the vicinity of the substrate pocket but grad-
ually spread over the entire network structure. The corresponding
process of conformational relaxation was followed by integrating
the equations of motion until a steady state of the elastic network,
in which all motions were terminated, was reached (at final time
T , see SI text). In the resulting conformation of the network, the
effect of allosteric coupling was examined by evaluating the dis-
tance between the beads corresponding to the regulated site. This
distance d149,189(T ) = |~R149(T ) − ~R189(T )| =: A is termed the
allosteric parameter.
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Evolutionary Optimisation
To design networks with perfected allosteric communication a
process of evolutionary optimisation, consisting of mutations fol-
lowed by selection, was applied iteratively starting from the ran-
dom network. In particular the following sequence was carried out.
First the allosteric response of the elastic network before the muta-
tion was determined and the allosteric parameter A stored. Then
a single structural mutation was performed by randomly select-
ing one network bead (except for one of the four pocket beads)
and changing its equilibrium position. The new equilibrium posi-
tion was chosen to be randomly oriented within a sphere of radius
2.0A˚ around the old equilibrium position. To preserve the back-
bone chain of each domain, it was additionally required that, after
the mutation, the distance between the mutated bead and its left
and right neighbour in the chain still lie within the interval be-
tween lmin and lmax. Furthermore, distances from the mutated
bead to all other network beads should not be smaller than lmin.
After the mutation the network connectivity Aij was updated by
reexamining distances between all beads and the mutated bead;
only those pairs which were separated by a distance less than rint
were linked by a spring. After a mutation the elastic network may
posses internal free rotations originating from loosely coupled net-
work parts. They can lead to local movements free of energetic
cost which was to be prevented. Therefore, when the number of
non-zero eigenvalues in the spectrum of the elastic network was
smaller than 3N − 6 (indicating the occurrence of internal rotation
zero modes), the mutation was rejected. Once a mutation which
fulfilled all criteria was found, probing of allostery in the new elas-
tic network was proceeded as described in the previous section, the
allosteric parameter after the mutation Amut was determined, and
the mutation was evaluated by comparing the allosteric parameter
before the mutation A with that after the mutation Amut. Only
mutations which were favourable, i.e. those which improved the al-
losteric response in the network, were selected. Two situations were
distinguished. In the evolution process where symmetric coupling
between the allosteric and regulated pocket was to be optimised, a
mutation was accepted only if Amut < A, and rejected otherwise.
In the second independent evolutionary process corresponding to
the asymmetric situation, the acceptance criteria for the mutations
was Amut > A. As a termination condition for the two evolution
processes we imposed (A−Arandom) < −2.0A˚ for the design of the
network with symmetric coupling and (A − Arandom) > 2.0A˚ for
the design of the network with asymmetric coupling. Arandom de-
notes the allosteric parameter of the initial random network. Dur-
ing both design processes the improvement of allosteric response in
the evolving networks was recorded and it shown in Supplementary
Fig. S1.
Strain propagation and pathways
In the initial random, in the two designed networks, and in the
selected mutant networks, the propagation of strain after ligand
binding to the allosteric pocket was monitored. The strain of
an elastic link connecting beads i and j was defined as sij(t) =
dij(t) − d(0)ij . In the employed model conformational changes cor-
responded to relaxation processes of the elastic network structure
(see Equ.’s (1)). Therefore, the energy injected locally at the al-
losteric site as a consequence of ligand-binding there would be not
only converted into deformations of elastic bead connections but
also dissipate. In particular deformations of elastic springs become
significantly damped the farther away they are located from the
pocket. Since we still wanted to discuss the anisotropy of strain
distribution in the network, a method in which the strain was nor-
malised with respect to the distance from the allosteric site (in
terms of the minimal path) was employed. Details are described
in the Supplementary Information. For the visualisation of strain
a link was coloured blue (if sij > 0) or red (sij < 0) and the
width corresponded to |s˜ij | (superscript ∼ refers to the normalised
strain). To determine the communication chains shown in Fig. 5
the maximum absolute strain of each link during the simulation
was stored and only those links whose normalised strain exceeded
a prescribed threshold s˜t were considered (see SI text). For both
designed networks a threshold value of s˜t = 60% was imposed. To
obtain the communication skeleton in the 52−196−197 double mu-
tant of the designed network with symmetric cooperativity (shown
in Fig. 6B) a threshold of s˜t = 45% was used. For the 52−185 mu-
tant of the designed network with asymmetric cooperativity (Fig.
6b) a threshold of s˜t = 25% was used.
Robustness
All performed mutations are listed in SI Table T1. For each
mutant network a robustness coefficient was computed as the ra-
tio of the change in the pocket size of the regulated pocket in the
considered mutant network and the pocket size change in the wild-
type network, i.e. (d˜
(0)
149,189 − d˜final149,189)/(d(0)149,189 − dfinal149,189). Here,
superscript ∼ denotes distances in the mutant network and super-
script final denotes distances in the corresponding steady state of
the elastic network after ligand binding to the allosteric site (i.e.
at time T ).
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SUPPLEMENTARY INFORMATION
PROBING OF ALLOSTERY AND
EVOLUTIONARY OPTIMISATION
The force-probe employed scheme to score the al-
losteric response in the networks during the design
processes was explained in the main text. To follow
conformational motions in a network subsequent to
ligand-binding to the allosteric site, the set of equations
(Equ.’s (1), main text) was numerically integrated,
always until a steady state of that network in which mo-
tions were sufficiently terminated was reached (the time
needed was referred to as T ). As a termination condition
for the process of numerical integration a requirement
for the instantaneous bead velocity (averaged over all
beads) to drop below a prescribed threshold was imposed
in the simulations. The condition was 1N
∑N
i |vi| < 10−6.
During the process of evolutionary optimisation in the
two designed networks the improvement of of the al-
losteric response was recorded. It is shown in Fig. S1.
Details are given in the figure caption.
STRAIN PROPAGATION AND
COMMUNICATION PATHWAYS
To discuss the anisotropy of the strain distribution in
the random and designed networks we have introduced
a method to normalise the strain of elastic links with
respect to the distance from the allosteric site. There-
fore, we introduced the shortest graph distance between
a network bead with index i and a bead of the allosteric
pocket with index p as the minimal number of links of
a path connecting the two beads, denoted by Dip. The
shortest graph distance of an elastic spring connecting
beads i and j to the allosteric pocket was then defined
as Dij := min{Dip1, Dip2, Djp1, Djp2}, where p1 and p2
were the indices of beads of the allosteric pocket and
p3 and p4 were those of the regulated pocket. Next
we defined shells Sn of links, each of which contained
all those elastic links (ij) that had the same shortest
graph distance n (n = 1, 2, . . . ) to the allosteric pocket,
i.e. Sn := {all links (ij) for which Dij = n}. Hence,
each elastic network link (ij) was uniquely assigned to
one shell Sn and its elastic strain at time t (defined in
the Methods section of the main text) was denoted by
sij(t, n). After this procedure, obviously all elastic links
had been sorted into their respective shells; all links with
shortest graph distance 1 were in shell S1, those with
shortest graph distance 2 were in shell S2, etc. Now,
during a first simulation of the allosteric operation of a
designed network - following ligand binding to the al-
losteric site until the steady conformation was reached
- for each shell Sn a maximum absolute strain value
mn = max{|sij(t, n)|} of all links belonging to the same
shell Sn was determined and stored. Then, in a repeated
simulation of the same network, the strain of each elas-
tic link (ij) was normalised by dividing its value by the
maximum absolute strain value mn of the shell n, the
particular link belonged to, i.e. s˜ij(t) = sij(t, n)/mn.
The normalised strain s˜ij(t) was used to visualise the
strain propagation in both designed networks in a time-
resolved fashion, presented in Supplementary Movies V2
and V3. Corresponding snapshots are shown in the main
text Fig. 4. In the same simulation we have memo-
rised for each link (ij) the maximum absolute value mij
of its normalised strain, i.e. mij = max|s˜ij(t)|. Those
values were employed to determine the communication
pathways (shown in the main text Fig. 5), which were
constructed by considering only those links that were sig-
nificantly involved in the strain propagation, imposed by
the condition mij > s˜t, where s˜t was a prescribed thresh-
old value for the normalised strain (with its values given
in the main text Methods section).
In the random elastic networks a similar procedure of
strain normalisation was undertaken. However, to com-
pare the propagation of strain to that in the two designed
networks, the link strain was normalised with respect to
the coefficients mn from the designed network with sym-
metric allosteric coupling.
For the selected mutant networks the procedure of strain
normalisation was also applied to visualise strain prop-
agation during the allosteric transition (Movies V4-V7)
and to construct communication pathways (Fig. 6 main
text and Fig. S3).
It should be noted that for the normalisation procedure
the shortest graph distance between a network bead and
the a bead of the allosteric pocket was determined with
a standard algorithm using the powers of the adjacency
matrix.
ROBUSTNESS OF ALLOSTERIC
COMMUNICATION
Robustness of allosteric communication with respect
to exemplary single structural mutations applied to each
of the two designed prototype networks was analysed. To
determine the communication chains for the two mutants
of the designed network with symmetric allosteric com-
munication shown in Fig. S3, a threshold of s˜t = 55%
was used for the 52−197 mutant, and s˜t = 60% was used
for the 196− 197 mutant.
SUPPORTING MOVIES AND DATA
Time-dependent propagation of strain in the random
network, the two designed networks, and the selected mu-
tant networks are provided as Supporting Movies V1-V7.
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In each of the movies the frame rate is not constant and
has been adapted such the fast dynamics inside the al-
losteric pocket, the inter-domain propagation, as well as
the slow motions inside the regulated pocket, can be con-
veniently followed. The actual time during the simulation
is always given at the bottom right in the movies.
• Supporting Movie V1 Conformational motions
and strain propagation in the allosterically inactive
initial random elastic network.
• Supporting Movie V2 Conformational motions
and strain propagation in the designed network
with symmetric allosteric coupling.
• Supporting Movie V3 Conformational motions
and strain propagation in the designed network
with asymmetric allosteric coupling.
• Supporting Movie V4 Conformational motions
and strain propagation in the 52−197 mutant of the
designed network with symmetric allosteric cou-
pling.
• Supporting Movie V5 Conformational motions
and strain propagation in the 196 − 197 mutant
of the designed network with symmetric allosteric
coupling.
• Supporting Movie V6 Conformational motions
and strain propagation in the 52−197−196 double-
mutant of the designed network with symmetric al-
losteric coupling.
• Supporting Movie V7 Conformational motions
and strain propagation in the 52−185 mutant of the
designed network with asymmetric allosteric cou-
pling.
As Supplementary Data the set of spatial coordinates
~R
(0)
i of the initial random network and the two designed
networks are provided in the respective equilibrium con-
formation.
• random network.dat: text file containing spatial
coordinates of the initial random network. 1st col-
umn: bead index (0 to 199); 2nd,3rd,4th columns:
x,y,z coordinate of the bead position.
• designed network1.dat: text file containing spatial
coordinates of the designed network with symmet-
ric allosteric coupling. 1st column: bead index (0
to 199); 2nd,3rd,4th columns: x,y,z coordinate of
the bead position.
• designed network2.dat: text file containing spatial
coordinates of the designed network with asymmet-
ric allosteric coupling. 1st column: bead index (0
to 199); 2nd,3rd,4th columns: x,y,z coordinate of
the bead position.
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FIG. S 1. Improvement of the allosteric response in the evolving networks during the two independent processes of evolutionary
optimisation; d149,189(T ) is the allosteric parameter of the elastic network at the current stage of evolution and d
random
149,189 (T ) is
the value in the initial random elastic network. A successful evolution step corresponded to an accepted mutation, i.e. one
after which the allosteric response of the network had improved. The total number of successful evolution steps was 1, 138 in
the design of the network with symmetric cooperativity and 744 in the design of the network with asymmetric cooperativity,
respectively.
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FIG. S 2. and Table T1. Mutations and robustness of allosteric communication. A,B): Communication chains in the
designed wildtype networks are shown in the same perspective as in Fig. 5 (main text), with the beads which were subjected
to mutations being indicated by the respective bead indices. Mutations performed in both designed networks are listed in the
table on the right side. A colour scale from blue to red shall illustrate neutral to fatal mutations, according to the respective
robustness coefficient (defined in the main text Methods section). For the 52 − 197 − 196 double mutant of the network with
symmetric coupling (which is not listed in the Table) the robustness coefficient was 0.99.
FIG. S 3. Communication chains in selected mutant structures. For the designed network with symmetric cooperativity
the communication chains in two representative mutants, each in which a single elastic link was deleted, are shown. The 52−197
mutant (A) as well as the 196 − 197 mutant (B) both retained full allosteric activity, with robustness coefficients of 1.00 and
0.98, respectively (see Table T1). In each mutant the deleted link is shown in transparent and the corresponding beads are
highlighted in yellow.
